The energy efficiency of silicon modulators can be enhanced by increasing the doping level. As an alternative solution, slow light modulators based on corrugated waveguides can also be used for improving the energy efficiency. Using numerical and analytical tools, we show that for the same level of energy consumption reduction, the loss coefficient and the loss-modulation efficiency for the slow-light modulators are smaller than those for the modulators with an increased doping level. It is shown that the slow light structures with medium slow down factors (specifically slowdown factors of less than 6) can be reasonable candidates for enhancing the modulator's energy efficiency. For example, an energy consumption of less than 100 fJ/bit can be achieved at a slow-down factor of 6, using a doping level of 5 × 10 17 cm -3 for acceptors and 1 × 10 18 cm -3 for donors.
Introduction
Silicon photonics makes large scale and low-cost integration of electro-optic components possible, which makes it appealing for optical interconnects [1] . The energy consumption of silicon photonic components such as modulators and detectors is a bottleneck for achieving the desired level of energy consumption for highly efficient optical communication systems (single digit in femtojoule per bit regime) [2] . Therefore, huge efforts have been dedicated to reducing the energy consumption of different silicon photonic components [3] - [6] . For example, various approaches have been investigated to reduce the modulator's energy consumption [7] - [9] . One approach for reducing the modulator energy consumption, which we focus on in this paper, is employing the slow light effect [10] . It has been shown that using slow light effect, the modulator's performance can be enhanced in terms of size and speed [11] . For example, Baba et al. reported a slow light Mach-Zehnder modulator based on two-dimensional Si photonic crystals with a 100 μm phase shifter length, a modulation rate of higher than 10 Gbit/s and ∼0.12 V.cm modulation efficiency at a group index of 30 [9] . In one-dimensional (1D) photonic crystal's regime, Brimont et al. have shown that the footprint and modulation efficiency of a Mach-Zehnder modulator can be significantly improved by deploying 1D corrugated waveguides [12] . Using a 500 μm long phase shifter at group index of ∼8, they reported a slow light modulator with a high bit rate of 40 Gbit/s and modulation efficiency of 0.85 V·cm [13] .
In this paper, we will investigate the performance of reverse-biased silicon modulators. The performance of these modulators in terms of loss, modulation efficiency, and energy consumption have been separately studied before [14] - [16] . In this paper, we investigate them together in order to study the energy consumptions trade-offs in reverse based optical modulators from a system designer point of view. A framework based on modulator primitive parameters such as doping levels, bias voltage, and the length is presented. In this framework, the modulation efficiency and insertion loss are analytically calculated and verified by the results given by two or three-dimensional simulations. The algorithm, which is used to find the energy consumption in this paper, is shown in Fig. 1(a) . The modulator effective phase shift is obtained using carrier concentration changes overlapped by the optical mode which leads to finding the modulation efficiency and the optical loss of the modulator. These results are verified by the measurement data. Energy consumption of the modulator is estimated employing the modulation efficiency and the equivalent capacitance of the modulator obtained from circuit modeling. The structure of the modulators which are investigated in this paper is shown in Fig. 1(b) .
It is known that the energy consumption improvement may also be obtained by engineering doping levels in modulators. In this work, the effect of increasing doping level on the energy consumption of modulators is compared with that of the slow light and it is shown that for the same energy consumption level, the slow light modulators outperform the modulators with an increased doping level. The loss-modulation efficiency product (LMEP) is used as a figure of merit to assess the modulator's performance in terms of loss-energy efficiency simultaneously [8] .
The rest of this work is organized as follows. In Section 2, we introduce the analytical model used in this paper. In Section 3, the slow light effect on modulator's energy consumption and loss coefficient as well as LMEP are studied. The paper will be concluded in Section 4 by discussing the advantages of slow light modulators over the modulators with engineered doping's levels.
Analytical Model
It is known that by changing the bias voltage, the depletion width, and consequently, the free carrier's concentration in the optical confinement changes. This results in a change in the refractive index and loss coefficient as formulated by Soref [17] . The voltage level which causes a phase shift of π in modulator output power is known as V π . In order to find the V π , carrier concentration changes are calculated and inserted into the Soref equations [17] . To consider the effective overlap of the carrier variations and the optical mode, effective refractive index changes ( n effective ) and effective loss coefficient changes ( α effective ) are considered to be:
Whole ar ea I n (x, y) dxdy
where I n is the optical profile intensity. Based on the first fundamental TE-like mode field distribution 0, a square cosine function (cos 2 (x)) has been estimated to predict the optical mode profile which will be used in the rest of calculations.
Modulation Efficiency
Modulation efficiency (ME) is defined as the product of V π and the length of the modulator; denoted by L (M E = V π L ). ME is analytically obtained from the effective index changes as explained above. On the other hand, the structure has been simulated using 2D Finite Element Method (FEM) in Comsol to find the modulation efficiency. In order to verify our analytical approach, the ME from theory and simulation were compared to the measurement results [19] which are presented in Fig. 2(a) . The effect of dopants, bias voltage, and modulator length change on modulation efficiency have been studied in [20] .
To complete our modeling in this section, the modulator insertion loss is also studied. Insertion loss consists of several terms such as static loss, radiation loss, scattering loss, and bending loss. The static loss is caused by extrinsic carriers existing in silicon waveguides, namely dopants which were predicted by Soref [17] . The static loss of the modulator has been theoretically calculated following the same approach used for modulation efficiency. The other loss terms of insertion loss depend on silicon waveguide geometry and grating couplers efficiency. They are estimated according to characteristics of commercial silicon on insulator technology (SOI) components offered by foundries [21] . In order to verify our model, the insertion loss prediction was also compared to the measurement data reported in [19] . This comparison is shown in Fig. 2(b) . Both modulation efficiency and insertion loss show good agreement with the measurement results.
Energy Consumption
The consumed energy in a standalone modulator is the energy required to provide a sufficient phase shift for the modulation. In other words, the amount of power consumed in modulator to transmit a bit stream in one second (Watt/bit/s = J/bit).
The maximum energy consumption in the depletion based modulator and in a non-return-to-zero (NRZ) data transmission scheme is calculated by E c,max = 0.25(C eq V 2 π ) [4] , [5] . C eq is the equivalent capacitance of the modulator. Achieving V π is not always possible, especially, in short lengths of modulators where the required voltage swing of V π will be larger than the voltage that the driver can provide. Therefore, the modulator operates with a voltage less than V π which results in a phase shift less than π in arms and, consequently, lower extinction ratio. For instance, 3.5 dB extinction ratio at quadrature point (due to 0.125π phase shift) is enough for modulation applications in shortreach interconnects [7] . Thus, some researchers have considered only 0.1π phase shift which leads to the energy consumption less than maximum energy consumption [7] . This means that the energy consumption based on V π voltage variation, which is done in this paper, gives a worst case estimation. However, the energy consumption, in practice, can be less than the worst case value.
Engineered Doping Effects
Energy consumption for a rib shape modulator based on the SOI technology with parameters of the 450 nm rib width, 220 nm rib height, 120 nm slab height, 1 μm slab width, and 1 V bias point is plotted in Fig. 3(a) for various combinations of doping and length. We observe that the energy consumption may be potentially mitigated once the modulator length or the doping level is increased.
In addition to the discussions about insertion loss in Section 2.1, we should also note that the enhancement in energy efficiency is achieved at the cost of higher optical loss. The loss coefficient (static loss coefficient) increases with increasing the doping level as shown in Fig. 3(b) . To study the energy consumption and loss of a modulator at the same time, we use LMEP as a figure of merit which is given by [8] :
where α opti cal is optical loss coefficient of the modulator. The LMEP for different doping levels of the modulator with 2 mm length is shown in Fig. 3(b) . It should be noted that the figure of merit of LMEP represents and compares multiplication of the modulation efficiency and loss of the waveguide in a single arm of the Mach-Zehnder interferometer. It means that the losses of the other parts in both modulators such as the laser inefficiency, grating couplers, MMIs, etc. are not considered in LMEP because they have been initially assumed to have an equal amount of losses.
Slow Light Effect and Discussion
In this section, the slow light effect is used to improve the energy efficiency of the modulators. We study the effects of medium slowdown factors of one-dimensional slow light waveguides. The slow down factor is defined as S = n g,s /n g,0 where n g,s and n g,0 are the waveguide group indices in the presence and absence of a slow light effect, correspondingly. To exploit the slow light effect, one-dimensional rib-shaped corrugated waveguides have been employed. They have been designed and optimized using FEM simulations (Ansys HFSS) to provide the slow light effect at their band edge. Achieving the slow light at any specific slowdown factor, especially at the band edge, is limited to a specific frequency range called slow light bandwidth [11] . Previous research has shown that the slow light bandwidth at band-edge will decrease with second order increment of the slow down factor [22] . Therefore, the corrugated waveguide, which is used here, is optimized to have sufficient optical bandwidth, i.e., more than 4 nm (500 GHz) and 0.8 nm (100 GHz) at slow down factors of 3 and 6, respectively. Fig. 4(a) depicts the slow light bandwidth versus slowdown factor variations. It means that the optical bandwidth does not limit the electrical bandwidth of our modulator. Furthermore, to be able to obtain such slow down factors at the band edge, the slow light modulator length is considered to be longer than 1 mm (i.e., 2 mm in this study), which is consistent with FEM simulations.
The waveguide group index increases when the slow light effect is utilized. Thus, the modulator phase shift can be enhanced by a factor of S in comparison to the phase shift of waveguides without slow light. Larger phase shift results in lower V π which ultimately leads to a reduction of modulation efficiency and energy consumption. Our results show that in order to reduce the energy consumption there is no need to increase the modulator length or doping level when waveguides are used in slow light regimes. The energy consumption versus length and slow down factor are shown in Fig. 4(b) .
Slow light structures increase the optical losses. The added loss term corresponds to the slow light effect which comes from the light group velocity reduction in the waveguide [23] .
The slow-light corresponding loss coefficient (α s ) is found based on light transmission in the waveguide at the band edge with respect to slow down factor changes (P o = P i n × exp (−α s × L ), where P 0 is Output power at the band edge, P i n is the input power at the band edge and L is the slow light waveguide length). It is found that the slow light loss coefficient for the 1D photonic crystals increases linearly at moderate values of slowdown factor. The linear dependence of slow light loss to slow down factor is also in agreement with the prior result [24] .
To consider the slow light loss effect, the LMEP figure of merit is used again. To be precise, LMEP of a typical doping level (Nh = 5 × 10 17 cm −3 , Ne = 1 × 10 18 cm −3 ), used in the optical modulator, has been also added to slow light based LMEP. The result is shown in Fig. 4(c) . It shows that, for the same energy consumpion, the slow light modulator leads to a lower LMEP than the modulator with increased doping. For example, according to Fig. 3 , at a doping level of 5 × 10 18 cm −3 for both acceptors and donors and the length of 2 mm, the minimum energy consumption of ∼600 fJ/bit can be achieved at LMEP of almost 5 V. However, according to Fig. 4(b) and (c), the same energy consumption (∼<600 fJ/bit) with the same length of the modulator can be obtained at slow down factors of 3 when their corresponding LMEP is 3.1 V at the worst case. Furthermore, the energy consumption of the 2 mm slow light modulator can even be reduced to ∼<100 fJ/bit at slow down factor of 6, where the LMEP is still lower than the modulator with no slow light.
The reason is implied in loss coefficient behavior of doped silicon waveguide. The loss coefficient results from the imaginary part of the waveguide complex refractive index. According to 0, the complex refractive index changes ( n c ) can be expressed by variations of the free carrier's concentrations: 
where N e and N h show the electron and holes concentration changes, respectively, and A e,h , α e,h , B e,h and β e,h are curve fitting parameters. At 1550 nm wavelength, α e = 1 and β e,h = 1 and α h = 0.8 [17] . Let's assume that a slowdown factor less than ten (S < 10) is used to scale the phase shift and, hence, to enhance the energy efficiency. Based on the loss study, the slow light loss coefficient also scales with a factor of S. By contrast, when it is intended to obtain the same energy consumption enhancement (here scaling with a factor of S) using doping increase, the phase shift should be scaled with a factor of S and S 1.25 for electrons and holes correspondingly. These changes in carrier concentrations result in a larger loss coefficient than a linear scale, which is the case for slow light waveguides.
Note that the slow light modulators are also advantageous in terms of the fabrication process. Changing well-established steps of CMOS processes to provide a new doping level will increase the whole process expenses as well as the preparation time. The advantage of using slow light waveguides is that the energy efficiency can be enhanced without additional fabrication steps.
It should also be mentioned that the electrical bandwidth of modulators (both standard and slow light), studied in this paper, is designed to be more than 10 GHz. For an example, a modulator with the same parameters mentioned before and 2 mm length provides a 3 dB bandwidth of 15 GHz.
It is also useful to compare the proposed slow light modulator with other known types of modulators. According to previously reported standard Mach-Zehnder and ring modulators [2] , [6] , [7] , it can be understood that the proposed slow light modulator, in view of energy consumption, performs better than MZMs and slightly worse than ring modulators. However, in terms of bandwidth and phase shifter's length, the slow light modulator is similar to those of standard MZMs.
Conclusion
Modulation efficiency and loss of optical modulators have been analytically modeled and verified by previously reported measurement results. It has been theoretically shown how slow light structures can reduce the energy consumption by employing single digit slow down factors. The same enhancement can also be obtained using doping level engineering. In both cases, such enhancement of energy consumption would be achieved at the cost of an increased loss. The loss-modulation efficiency product (LMEP) figure of merit has been studied for both slow light and engineered doping modulators. By modeling the slow light loss coefficient, it has been shown that LMEP of the slow light waveguide is less than that of engineered doping modulators for the same reduction level of energy consumption. An energy consumption of less than 100 fJ/bit could be achieved using a slow down factor of 6 whereas the total loss will be only increased by a constant term of 10 dB which has still 20 dB less loss compared to the high-doping level design in their best case of energy efficiency enhancement.
